We ex the axonal transport of two strain of herpes simplex virus 1 (HSV-1) within the central nervous system ofcebus monkeys. Each strain was inijected into the "arm area" of the primry motor cortex. One strain, HSV-1(McIntyre-B), was transported transneuronaly in the retrograde direction. It infected neurons at sites known to project to the arm area of the primary motor cortex (e.g., ventrolateral thalamus). In addition-, "second-order" neurons were labeled in the deep cerebellar nuclei (dentate and interpositus) and in the globus pallidus (internal s ). This result supports the concept that the arm area of the primary motor cortex is a target of both cerebellar and basal ganglia output. In contrast, the other strain, HSV-1(H129), was transported transneuronally in the anterograde direction. It infected neurons at sites known to receive input from the arm area of the primary motor cortex (e.g., putamen, pontine nuclei). In addition, "third-order" neurons were labeled in the cerebellar cortex (granule and Golgi celis) and in the globus paldus (largely the external segment). Our observations suggest that strain differences have an important impact on the direction of transneuronal transport of HSV-1. Furthermore, it should be possible to examine the organization of cerebeflar and basal ganglia loops with cerebral-cortex by exploiting tusneuronal transport of HSV-1 and virus strain differences.
HSV-1(McIntyre-B), was transported transneuronaly in the retrograde direction. It infected neurons at sites known to project to the arm area of the primary motor cortex (e.g., ventrolateral thalamus). In addition-, "second-order" neurons were labeled in the deep cerebellar nuclei (dentate and interpositus) and in the globus pallidus (internal s ). This result supports the concept that the arm area of the primary motor cortex is a target of both cerebellar and basal ganglia output. In contrast, the other strain, HSV-1(H129), was transported transneuronally in the anterograde direction. It infected neurons at sites known to receive input from the arm area of the primary motor cortex (e.g., putamen, pontine nuclei). In addition, "third-order" neurons were labeled in the cerebellar cortex (granule and Golgi celis) and in the globus paldus (largely the external segment). Our observations suggest that strain differences have an important impact on the direction of transneuronal transport of HSV-1. Furthermore, it should be possible to examine the organization of cerebeflar and basal ganglia loops with cerebral-cortex by exploiting tusneuronal transport of HSV-1 and virus strain differences. Part .of the neural substrate for the central control of movement in primates is formed by multiple "loops" between the cerebral cortex and two subcortical centers, the basal ganglia and the cerebellum. These circuits are thought to be involved in many aspects of motor behavior, including the programming, initiation, and regulation of limb movement (e.g., refs. 1-4) . In recent experiments, we have begun to explore the structure of these loops by using transneuronal transport of herpes simplex virus 1 (HSV-1). In the course of these studies, we made the surprising observation that the direction of transneuronal transport within these circuits depends on the specific strain of HSV-1 inoculated into the animal. To illustrate this result, in this report we describe some of the patterns of transneuronal-transport of two strains of HSV-1 within the pathways that link the "arm area" of the primary motor cortex with the basal ganglia and cerebellum.
MATERIALS AND METHODS
Either the H129 strain (5) (1.5 x 1012 plaque-forming units (pfu)/ml, n = 2; 8.0 x 1010 pfu/ml, n = 1) or the McIntyre-B strain (6) (6.1 x 10P pfu/ml, n = 2) ofHSV-1 was injected into the left arm area of the primary motor cortex (7) of cebus monkeys (Cebus apella). Each animal was anesthetized with ketamine (10 mg/kg, i.m.) and Nembutal (sodium pentobarbital, 25 mg/kg, i.p.), and 0.05 jul of virus was injected at each of six cortical sites. The surgical procedures used have been described in detail (8, 9 tTo whom reprint requests should be addressed.
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ventralis lateralis pars oralis (VLo) and ventralis posterior lateralis pars oralis (VPLo)-contained large numbers of labeled neurons (Fig. lA) . In contrast, those subcortical regions known to receive input from, but not project to, the primary motor cortex (e.g., putamen, red nucleus, pontine nuclei, spinal cord) did not contain labeled neurons. These observations suggest that the McIntyre-B strain was transported preferentially in the retrograde direction by "first-order" neurons that innervate the cortical injection site.
The cortical injections of the McIntyre-B strain also resulted in labeled neurons at subcortical sites known to project to VLo and VPLo (for review, see refs. 8, 9, 12, and 13). For example, densely labeled neurons were present within specific portions of the thalamic reticular nucleus (Fig. 1A) , the globus pallidus (Figs. 1B and 2 Upper), and the contralateral deep cerebellar nuclei ( Fig. 1 C and D) . The labeled neurons within the globus pallidus were confined almost exclusively to mid-rostrocaudal levels of the internal segment of this nucleus. Within the internal segment, labeled neurons formed two distinct clusters (Fig. 2 Upper), one ventrally in the outer portion of the internal segment and the other ventrally in its inner portion. At the survival time employed, the ratio of labeled neurons in the outer portion to those in the inner portion was 4:1. The labeled neurons within the deep cerebellar nuclei were confined to caudal portions of the anterior interpositus nucleus and to dorsal portions of midrostrocaudal levels of the dentate nucleus. In prior studies, the same region of dentate contained labeled neurons after transneuronal transport of wheat germ agglutinin-horseradish peroxidase conjugate from the arm area of the primary motor cortex (8, 19) . Furthermore, the locations of labeled neurons in the deep cerebellar nuclei and in the internal segment of the globus pallidus correspond to the regions of these nuclei where electrophysiological studies have found neuron activity related to arm movements (e.g., refs. 20-24). Thus, the subcortical distribution of labeled neurons is consistent with retrograde transneuronal transport of the McIntyre-B strain from the arm area of the primary motor cortex through pallidothalamocortical and cerebellothalamocortical circuits to "second-order" neurons in arm areas of the internal segment of the globus pallidus and the deep cerebellar nuclei (Fig. 3 A strikingly different pattern of transport was observed with HSV-1(H129). Cortical injections of this virus strain resulted in densely labeled neurons at all the cortical, subcortical, and spinal cord regions known to receive input from the primary motor cortex (for review, see ref. 15 ). For example, large numbers of labeled neurons were found within the putamen (Fig. 2 Lower) and the pontine nuclei (Fig. 4) . Furthermore, these labeled neurons were confined to those parts of the putamen and pontine nuclei that are known to receive input from the arm area of the primary motor cortex (25) (26) (27) (28) (29) . These observations suggest that the H129 strain was transported in the anterograde direction by first-order neurons in the primary motor cortex and was then transported transneuronally to label second-order neurons that are the targets of motor cortex efferents.
Labeled neurons also were found at sites known to project to the primary motor cortex (e.g., ventrolateral thalamus, cortical areas in the frontal and parietal lobes) (Fig. 4D) . However, most sites that innervate the primary motor cortex also receive projections from it. Therefore, it is unclear whether these neurons were labeled by retrograde or anterograde transport of HSV-1(H129).
Perhaps of greater importance, the cortical injections ofthe H129 strain also resulted in labeled neurons at subcortical sites known to receive input from the putamen and pontine nuclei (1, 3, 4, (30) (31) (32) . For example, densely labeled neurons were present within specific regions of the globus pallidus (Fig. 2 Lower) and the contralateral cerebellar cortex (Fig. 4  B and C) . The labeled neurons in the globus pallidus were confined largely to ventral regions of the caudal third of the external segment of this nucleus (Fig. 2 Lower) . The ratio of labeled neurons in the external segment to those in the internal segment was 10:1. The small number of neurons that were labeled in the internal segment were located largely within ventral regions of its outer portion (i.e., the same part of the outer portion that contained labeled neurons after cortical injections of the McIntyre-B strain). The location of labeled neurons in the external segment corresponds to the region of this segment where prior electrophysiological studies have found neuron activity related to arm movements (20) (21) (22) (23) (24) . Thus, the distribution of labeled neurons in the basal ganglia is consistent with anterograde transneuronal trans- port ofthe H129 strain from first-order neurons in the primary motor cortex to second-order neurons in the putamen, followed by a second stage of anterograde transneuronal transport from these second-order neurons to third-order neurons in the external segment of the globus pallidus (Fig. 3 Right).
HSV-1 (McIntvre-B)
Motor Cortex In the cerebellum, multiple patches of labeled neurons were found contralaterally in vermal, paravermal, and lateral portions of the anterior and posterior lobes of cerebellar cortex (Fig. 4C) . The patches oflabeled neurons were located in the granular cell layer, where two types of cerebellar neurons, granule and Golgi cells, were labeled (Fig. 4B ). Both cell types are known to be contacted by the (mossy fiber) afferents from the pontine nuclei (1, 2, 30, 31 ). The regions of cerebellar cortex containing labeled neurons correlated well with the sites where evoked potentials have been recorded after stimulation of the arm area of the primary motor cortex (33) . These observations are consistent with anterograde transneuronal transport of the H129 strain from first-order neurons to second-and third-order neurons in the corticopontocerebellar pathway (Fig. 3 Right) .
Some labeled neurons also were found in the portions of the dentate and interpositus that were labeled after the injections with HSV-1(McIntyre-B). However, the cortical injections of HSV-1(H129) labeled only half as many neurons in the deep cerebellar nuclei. A study (34) in cats has provided strong evidence for direct projections from the pontine nuclei to the deep cerebellar nuclei, and a similar pathway is thought to exist in primates. Thus, the anatomical connections exist for neurons in the deep cerebellar nuclei to be labeled by anterograde transneuronal transport of the H129 strain from first-order neurons in the primary motor cortex to secondorder neurons in the pontine nuclei and then a second stage of anterograde transneuronal transport from these secondorder neurons to third-order neurons in the deep nuclei. DISCUSSION Our observations provide some insights into the organization ofthe loops that interconnect the cerebral cortex with the basal ganglia and cerebellum. The internal segment of the globus Proc. Natl. Acad. Sci. USA 88 (1991) Proc. Natl. Acad. Sci. USA 88 (1991) 8051 pallidus and the deep cerebellar nuclei are the major sources of efferent signals from the basal ganglia and cerebellum. Retrograde transneuronal transport of the McIntyre-B strain from the arm area ofthe primary motor cortex labeled neurons in the internal segment of the globus pallidus and in two deep cerebellar nuclei, dentate and interpositus. This result supports suggestions that the arm area of the primary motor cortex is a target of outputs from both the basal ganglia and cerebellum (9, 35) . Another interesting finding of the present study is that the majority of the pallidal neurons labeled after anterograde transneuronal transport of the H129 strain from the arm area of the primary motor cortex were located in the external segment of the globus pallidus. There is evidence from other studies that separate populations of putamen neurons project to the external and internal segments of the globus pallidus (36) . Thus, one interpretation of our result is that the primary motor cortex terminates primarily on those putamen neurons which innervate the external segment. One wonders whether efferents from other cortical areas might more directly influence pallidal output by terminating on putamen neurons that innervate the internal segment. Our results suggest that transneuronal transport ofdifferent strains of HSV-1 can be used to generate and test hypotheses about information flow in basal ganglia and cerebellar circuitry. Indeed, virus transport may prove to be an important tool for exploring the complex systems of interconnections that characterize the central nervous system of primates.
Our findings may have some important clinical relevance. HSV-1 is the cause of cold sores. Approximately 90%o of the adult population has antibody to this virus. Yet, in some individuals, HSV-1 invades the brain or retina to produce life-threatening encephalitis or sight-threatening acute retinal necrosis (37, 38) . Why some strains of HSV-1 succeed and others fail to invade neural tissues and produce clinical disease has remained an enigma. Previous work in mice has shown that individual strains of HSV-1 differ dramatically with respect to pathogenicity and exhibit distinct patterns of neurovirulence and retinovirulence (5, 39, 40) . The results of the present study in primates suggest that strain-dependent differences in the direction and extent oftransneuronal transport may represent important factors that contribute to the ability of a particular HSV-1 strain to produce neurological disease.
The two strains of HSV-1 used in our study are known to differ with respect to their pattern of polypeptide synthesis (41) and the location of restriction endonuclease cleavage sites within the virus genome (42) . explored the genetic basis for the neurovirulence of HSV-1 but did not specifically examine patterns of axonal transport. Thus, the precise genetic bases for the differences in axonal transport we observed between the McIntyre-B and H129 strains remain to be fully elucidated. Similarly, the properties of neurons that enable different strains of HSV-1 to be transported transneuronally in either the retrograde or the anterograde direction are unknown. Nevertheless, our findings suggest that differences among HSV-1 strains might be exploited experimentally to probe the underlying mechanisms of transneuronal transport and to examine the contribution of these mechanisms to clinical disease.
